Abstract. In cells transformed by ts-3, a thermosensitive mutant of polyoma virus, the loss of inhibition of DNA synthesis by topographical factors (topoinhibition), is rendered temperature-dependent, providing evidence that the viral genome controls this essential aspect of transformation. 
Cells transformed in tissue culture by polyoma virus are distinguishable from normal cells on the basis of several attributes. Transformed cells acquire new morphology and growth patterns, attain a higher maximal density in culture than normal cells, and are much less sensitive to inhibition of cell multiplication by topographical factors (topoinhibition) or by serum limitation.1
Cell cultures productively infected by polyoma virus undergo changes that resemble those of transformation. They have a much decreased sensitivity to topoinhibition and are stimulated to synthesize cellular DNA and enzymes involved in DNA synthesis. In addition, cultures that require a high concentration of serum for cell survival, mutiplication, and movement, become less dependent upon serum for all these activities.2
Viral DNA becomes part of the genetic material of some transformed cells,3 suggesting that some of the attributes of transformed cells may be conferred by the expression of viral genes. Temperature-sensitive mutants of polyoma virus have been isolated in several laboratories to test this point, but so far no mutation has been found to affect the characteristics of transformed cells. We now wish to report on a thermosensitive mutant of polyoma virus, ts-3, which renders some of the characteristics of transformed cells temperature-dependent, thus providing evidence for the control of these characteristics by the viral genome.
Materials and Methods. Cell cultures were maintained in plastic tissue culture dishes (Nunc, Denmark) in reinforced Eagle's medium supplemented with calf serum, except where noted. The virus used for infection was polyoma large plaque, or the thermosensitive mutant ts-3 derived from it (by Dr. Marguerite Vogt), as described.4 (The properties of the mutant ts-3 will be described in detail elsewhere.) Virus prepara- Topoinhibition and wound serum requirement were determined' in cell cultures that had been wounded. Topoinhibition, which measures the effect of topographical factors inhibiting DNA synthesis, is defined as TI = (WP -LP)/WP, where WP is the proportion of cells incorporating thymidine in the wound, and LP is the proportion incorporating thymidine in the layer, measured at or near zero serum concentration where the ratio is maximal. Wound serum requirement, which measures the serum requirements of cells for DNA synthesis in the absence of topographical factors, is defined as WSR = (MxWP -MnWP)/MxWP, where MxWP is the proportion of cells incorporating thymidine in the wound at high serum concentration, and MnWP is the proportion incorporating thymidine in the wound without serum. Movement was determined as described. 2 Transformed cells were derived by infecting BHK cells in suspension with wild type polyoma, or with ts-3, at a multiplicity of about 100 plaque-forming units per cell, and incubating the infected cells in 0.34% agar at 31.50C. Clones arising in the agar were picked and reseeded in liquid medium. WTC1-lA and ts-3C1-7C were recloned once after being transferred from agar to liquid; ts-3C1-1 was not recloned. The cultures were routinely carried at 31.50C and transferred to 390C at least 2 days prior to any measurements made at 390C.
Results. Induction of cellular DNA synthesis after infection of BALB-3T3 cells by wild type polyoma, or by ts-3, was measured by uptake of tritiated thymidine and radioautography. The results are presented in Fig. 1 and Table 1 . There is some induction of cellular DNA synthesis in ts-3-infected cells at 390C, but the amount of thymidine incorporated into cellular DNA is much lower at 390C than at 320C. The proportion of ts-3-infected cells incorporating thymidine at 390C is also lower than the proportion at 320C. This difference is not caused by a difference in synthesis of viral DNA at the two temperatures, because the amount of thymidine incorporated into viral DNA is much less than the amount incorporated into cellular DNA, and because ts-a, another thermosensitive mutant, induces incorporation in an equal proportion of infected cells at high and low temperature, even though viral DNA synthesis is defective at high temperature (ref. 6 and unpublished data).
Ts-3 is thermosensitive in productive infection with viral DNA, indicating that the thermosensitive defect does not involve adsorption or uncoating of the virus (unpublished results).
Induction of cell movement was measured after infection of BALB-3T3 cells by wild type polyoma, or by ts-3. The results are presented in Fig. 2 and Table 2 . There is some induction of movement by ts-3 at 390C, but the amount is less at 3900 than at 31.5CC, whereas induction of movement by wild type infection is greater at 390C than at 31.50C ( BALB-3T3 cells were infected as described in Fig. 1 , except that after infection the cultures were covered with fresh Eagle's medium to which had been added enough depleted medium containing Table 3 . The values were calculated from the data shown in Fig.   3 (left, center, right). TI is temperature-dependent for the ts-3 transformed cells, the values of the parameter being closer to those for transformed BHK in cultures grown at 31.50C, and closer to those for normal BHK in cultures grown at 390C. The wound serum requirement of the ts-3 transformed cells is not temperature-dependent.
The somewhat lower values of TI for the ts-3 transformed cells grown at 390C in the second, as compared to the first, experiment may have arisen from incomplete reversal of the TI parameter since the cells were grown for a shorter time at 390C before being used in the second experiment. The lower values of TI may also have arisen from the accumulation of irreversibly-transformed cells in the cultures that were carried for some length of time. Confluent cultures of wild type-transformed BHK and ts-3-transformed clones grown at 39 or 320C were wounded, and the values of topoinhibition and wound serum requirement were calculated from the data shown in Fig. 3 . Each value represents a determination made on a single plate. Expt. 2 was performed about 3 weeks after Expt. 1.
Growth in agar:
Each of the transformed cell lines was seeded in 0.34% agar to determine the efficiency with which it would form colonies at 39 and 31.50C. The results are shown in Table 4 . The property of growth in agar is not temperature-dependent in ts-3 transformed cells.
Discussion. In BHK cells transformed by the thermosensitive mutant ts-3, topoinhibition, which measures the inhibition of DNA synthesis by topographical factors, is temperature-dependent. This implies that the loss of topoinhibition,°I which is characteristic of transformed cells, is under the control of a viral gene in polyoma-transformed cells.
Two other attributes of ts-3 transformed cells, ability to grow in agar and serum requirement for initiation of DNA synthesis in a wound, are not temperature-dependent. Two possible explanations could be offered for the lack of temperature-dependence of these attributes. One possibility is that the expression of growth in agar and wound serum requirement does not require a functional ts-3 gene product. The other possibility is that the expression of these attributes requires a functional ts-3 gene product, but requires it in smaller amounts than do other attributes for full expression. If the ts-3 mutation reduces, but does not abolish, the function of the gene, the amount of functional gene product might be such that the expression of some attributes of transformation is reduced, whereas that of others is still almost complete.
It is clear that transformation involves changes in more than one cellular system, requiring the action of one or more viral genes. The involvement of a number of independent cellular systems in transformation is supported by the observation that the "flat" revertants of SV40-transformed 3T3 cells isolated by Pollack7 show a maximum cell density characteristic of normal cells but topoinhibition and wound serum requirements characteristic of transformed cells. ' The ts-3 mutant has reduced ability to induce cellular DNA synthesis and movement during productive infection of BAIB-3T3 cultures at the nonpermissive temperature. Movement is less affected, perhaps because it is partly controlled by a cellular system not affected by the ts-3 mutation, or less severely affected by it.
Induction of cellular DNA synthesis and movement in productive infection, and topoinhibition in transformed cells, can be controlled by the product of the ts-3 gene. This product could control these functions directly, or could control them indirectly by modifying a cellular structure involved in all the functions. The latter mechanism seems more likely because, according to evidence to be presented in a subsequent communication, the ts-3 mutation also affects the structure of cell-surface membranes in infected and transformed cells. The connection between surface properties and control of DNA synthesis is probably part of a fundamental regulatory mechanism in animal cells. t Dernham Postdoctoral Fellow.
